background lung cancer 5-year survival has doubled over 15 years. although the risk of second primary cancer is recognised, quantification over time is lacking. We describe the incidence of second and higher order smoking-related primary cancers in lung cancer survivors, identifying high-incidence groups and how incidence changes over time from first diagnosis. Methods Data on smoking-related primary cancers (lung, laryngeal, head and neck, oesophageal squamous cell carcinoma and bladder) diagnosed in england between 2000 and 2014 were obtained from Public Health england national cancer registration and analysis Service. We calculated absolute incidence rates and standardised incidence rate ratios, both overall and for various subgroups of second primary cancer for up to 10 years from the initial diagnosis of lung cancer, using Poisson regression. results elevated incidence of smoking-related second primary cancer persists for at least 10 years from first lung cancer diagnosis with those aged 50 and 79 at first diagnosis at particularly high risk. the most frequent type of second malignancy was lung cancer although the highest standardised incidence rate ratios were for oesophageal squamous cell carcinoma (2.4) and laryngeal cancers (2.8) and consistently higher in women than in men. Over the last decade, the incidence of second primary lung cancer has doubled. Conclusion lung cancer survivors have increased the incidence of subsequent lung, laryngeal, head and neck and oesophageal squamous cell carcinoma for at least a decade from the first diagnosis. consideration should be given to increasing routine follow-up from 5 years to 10 years for those at highest risk, alongside surveillance for other smoking-related cancers.
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InTroduCTIon
Five-year survival of patients with lung cancer has doubled in England during the past 15 years leading to increasing numbers of survivors. 1 2 Lung cancer survivors are thought to be at an increased risk of second primary cancer (SPC). [3] [4] [5] [6] However, neither the way in which incidence of subsequent malignancy changes during follow-up nor patient characteristics associated with increased risk of SPC are well understood. We have estimated the incidence of smoking-related second and higher order primary cancers following a primary diagnosis of lung cancer to determine which groups are at higher risk and evaluate how incidence changes over time following diagnosis. We have focused on cancers of the lung, larynx, head and neck, oesophagus (squamous cell carcinoma) and urinary bladder as these cancers have the largest proportion of deaths attributable to cigarette smoking. 7 We assessed the incidence of developing an SPC at different time points after initial diagnosis to inform clinicians about optimal follow-up periods and surveillance regimens after lung cancer treatment with curative intent.
MeThods

smoking-related primary cancers
Data from the National Cancer Registration and Analysis Service of Public Health England (the organisation responsible for cancer registration in England) provided information on first, second and higher order smoking-related primary cancers diagnosed in English residents aged 30-99 between 1 January 2000 and 31 December 2014. This included all diagnoses of the lung (ICD-10, C33-C34), bladder (C67), oesophageal squamous cell
Key messages
What is the key question?
► What are the age and sex-specific absolute and relative risks of developing smoking-related second and higher order primary cancers following lung cancer?
What is the bottom line?
► Our population-based approach shows that lung cancer survivors, particularly women, have increased the incidence of smoking-related primary cancers for at least a decade from the time of their first primary lung cancer diagnosis, with those aged 50-79 at first diagnosis at particularly high risk.
Why read on?
► With improving lung cancer survival rates consideration should be given to extending lung cancer follow-up from 5 years to 10 years and to undertaking surveillance for other smoking-related cancers including head and neck, laryngeal and oesophageal squamous cell carcinoma.
Lung cancer
carcinoma (OSCC) (C15, morphology codes 8070-8074, 8094, 8123, 8560), laryngeal (C32) and head and neck cancers (C00-C14, C31). The cancer registry captures at least 98% of primary cancer diagnoses in England 8 and records multiple primary cancers following International Agency for Research on Cancer and European Network of Cancer Registries' rules. 9 Cases classified as recurrence of first primary lung cancer were excluded. Data were available on tumour type (site, morphology), month of diagnosis as well as patient information including age at diagnosis, sex, income deprivation quintile and vital status (whether a patient was alive, dead or lost to follow-up). 10 Lung cancers were divided into small cell lung cancer (SCLC) and non-SCLC (NSCLC), and NSCLC was split into adenocarcinoma, squamous cell carcinoma, other NSCLC, carcinoid and unspecified lung (online supplementary appendix 1 table 1).
estimating expected incidence of smoking-related primary cancers
To evaluate whether lung cancer survivors were at an increased risk of SPC compared with those with no diagnosis of lung cancer, we estimated the number of cancers we would expect in people without lung cancer (online supplementary appendix 2 figure 2 ). We obtained midyear population estimates for England from 2000 to 2014 from the Office for National Statistics and matched these with first primary cancers in our dataset to calculate the expected age-sex-year-specific incidence rates. 11 We matched these rates with person-years of follow-up in the cancer registry dataset stratified by sex, attained age and attained year. We multiplied the person-years of follow-up by the expected age-sex-year-specific incidence rates to calculate the number of expected cancers. We compared the number of observed and expected cancers to calculate standardised incidence rate ratios (SIRs).
statistical analysis Analysis cohort
After restriction (online supplementary appendix 2 figure 1), the analysis cohort included 490 328 patients with first primary lung cancer. Most patients (489 740, 99.9%) had complete survival follow-up to death or censoring at 31 December 2014. Follow-up for the remaining 588 patients was censored on the day they were last known to be alive. Our analyses exclude primary cancers diagnosed within 6 months of the first primary cancer as such tumours were deemed likely to represent 'synchronous' diagnoses.
Descriptive analysis
We described absolute incidence rates and SIRs for the cohort from 6 months to 10 years follow-up, including by sex, age at diagnosis and deprivation group, as well as by the site of the SPC. We provide a brief summary of the incidence of subsequent smoking-related SPC up to 10 years from diagnosis for those diagnosed in 2000-2004, with complete follow-up, as other descriptive results may be affected by variable follow-up periods.
The choice to limit at 10 years follow-up was informed by the results of Kaplan-Meier survival analyses, presented in online supplementary appendix 4 figure 1.
Describing how risk changes over follow-up
We investigated how absolute incidence rates (second and higher order primary cancers diagnosed per 100 000 patient-years) and SIRs changed during follow-up. We plotted age-sex-specific incidence rate and SIR against months of follow-up and modelled how the incidence rate or SIR changed over time using Poisson models with patient-years (incidence rate) or expected cancers (SIR) as exposure. We modelled elapsed follow-up time using restricted cubic splines allowing us to avoid the disadvantages of categorisation while providing for potentially non-linear associations between elapsed follow-up and SPC risk. 12 13 Exploratory modelling guided the choice and number of knots and the interaction terms used in the model. The final models included pairwise interactions between age and follow-up, sex and follow-up, and age and sex, and parameterised follow-up using splines with knots at 6, 12, 60 and 120 months. Further interaction terms were not included as they decreased model fit measured using the Akaike information criterion. 14 We used the same approach to evaluate changes in SIR over follow-up by the site of SPC and by the morphology of first primary lung cancer, removing age at diagnosis and sex from the model. Results were not sensitive to the exact knot locations (online supplementary appendix 3 figure 1).
Describing how risk changes by year of first primary lung cancer diagnosis
We extended our initial approach to evaluate how the risk of SPC changed during different study periods, limiting observations to 6-60 months of follow-up. Based on exploratory analyses, we split SPC into second primary lung cancers and other smoking-related primary cancers. We initially described the observed changes in absolute risk of second primary lung and other smoking-related primary cancers in patients diagnosed with first primary lung cancer in 2005-2009 and 2010-2014 compared with 2000-2004. We then used the Akaike information criterion to select an adjusted model, 14 considering patient age, sex, deprivation and elapsed follow-up (modelled as above using restricted cubic splines with knots at 6, 12 and 60 months follow-up) and all two-way interactions. This provided a check that apparent differences were not explained by changes in patient casemix or improvements in survival.
resuLTs description of analysis cohort
Between 2000 and 2014, 490 328 patients were diagnosed with first primary lung cancer (table 1) . We have a priori focused on the 213 245 patients (43%) surviving 6 months after diagnosis, contributing 335 436 patient-years of follow-up (table 1; online supplementary appendix 4 figure 1). The median follow-up was 10 months per patient (IQR 4-28 months). Despite low survival rates, 4710 patients diagnosed in 2004 or before were still alive at 10 years follow-up (table 1) . Survival rates were higher for women than men and for younger than older patients (online supplementary appendix 4 figure 1). Lung cancer was more common in patients from more deprived areas and more deprived patients had worse survival.
Around 1.1% (2328 of 213 245) of patients alive at 6 months had SPCs during follow-up, some of whom had higher order (ie, third or fourth) primary cancers as well. Restricting to patients diagnosed in 2000-2004 who survived to 6 months and have 10 years complete follow-up gives similar results.
overall incidence of second and higher order primary cancers
Over the entire length of follow-up, SIRs for second and higher order primary cancer were highest for those aged 30-49 (SIR 3.4, 95% CI 2.6 to 4.4) or 50-59 at diagnosis (SIR 2.7, 2.5 to 3.1), for women (SIR 2.0, 1.9 to 2.1) and for the most deprived patients (SIR 1.8, 1.7 to 2.0) (table 2). Patients whose first primary lung cancer was adenocarcinoma (SIR 1.9, 1.7 to 2.0) or squamous cell carcinoma (SIR 1.8, 1.6 to 1.9) were at highest risk of SPC, while those with carcinoid tumours were not at increased risk (SIR 0.7, 0.5 to 1.1) (table 2; online supplementary appendix 4 figure 4) . The most common smoking-related second SPC in this cohort was NSCLC, with 1318 SPCs (table 2), primarily adenocarcinoma (485 SPCs) or squamous cell carcinoma (400 SPCs). Bladder cancers were next most common (397 SPCs) followed by head and neck cancers (210 SPCs). However, there were many more laryngeal cancers (SIR 2.8, 95% CI 2.3 to 3.4 and OSCC, SIR 2.4, 95% CI 2.0 to 2.8) than would be expected given incidence rates in the general population, although absolute numbers of these rarer cancers remained small (122 laryngeal and 124 OSCC). Additional results on risk by the site of SPC and by histological type of first primary lung cancer are shown in online supplementary appendix 4. 
Variation in sPC incidence rates over follow-up Absolute incidence rate
For patients aged 50-59, 60-69 or 70-79 at first cancer diagnosis, absolute incidence of SPC increased sharply from 6 to 36 months follow-up, and then increased more slowly or remained stable up to 10 years after first cancer (figure 1; online supplementary appendix 4 table 1). For example, at 1 year after first primary in men aged 50-59, incidence of SPC was 373 per 100 000 patient-years (95% CI 298 to 468), rising to 718 (578 to 892) at 3 years and 895 (731 to 1096) at 5 years, with the rate at 10 years being 999 (770 to 1296). For younger patients, aged 30-49 at first cancer, incidence rates remained relatively low throughout follow-up. For those aged 80-99, small sample size prevents meaningful long-term examination of SPC risk. In contrast to incidence in the general population, absolute incidence was relatively similar for men and women with NSCLC in most age groups (figure 1).
Standardised incidence rate ratio
Patients aged 50-59, 60-69 and 70-79 at first lung cancer diagnosis had a higher-than-expected incidence of smoking-related SPCs from 3 to at least 10 years follow-up, when compared with the general population without lung cancer (figure 2; online supplementary appendix 4 table 1). Similar to absolute incidence rates, SIRs increased rapidly from 6 months to 3 years follow-up, but then remained stable or slightly decreased as follow-up continued. For example, the SIR for SPC in men diagnosed with first primary lung cancer aged 50-59 was 1.5 (95% CI 1.2 to 1.8) at 1-year follow-up, increasing to 2.8 (2.3 to 3.5) at 3 years. From 3 years, the SIR decreased slightly but remained higher than the risk in the general population over the entire follow-up (eg, SIR 2.9 at 5 years, 2.6 at 7 years, 2.2 at 10 years, online supplementary appendix 4 table 1). Results for those aged 30-49 were highly variable due to the smaller number of cancers than expected in this group, and similarly to the absolute results, meaningful estimation of long-term SPC risk was not possible for those aged 80-99.
Of note, women had higher SIR for smoking-related SPC than men, with SIR for women aged 60-69 at diagnosis being 3.7 (95% CI 3.2 to 4.3) at 5 years follow-up compared with 2.7 (2.4 to 3.1) for men ( figure 2 ). Similar differences were seen in other age groups.
Analysis of different cancer sites revealed that they followed one of three patterns. SIRs for second primary NSCLC and SCLC followed the same pattern as the overall SIRs, beginning with reduced risk but increasing over time (figure 3). SIRs for second primary OSCC, laryngeal cancer and head and neck cancer were elevated across the entire period of follow-up. SIRs for second primary bladder cancer were similar to the general population at the start and end of follow-up, appearing to peak at around 5 years from first primary lung cancer diagnosis, with an SIR at 5 years of 1.8 (95% CI 1.5 to 2.2) ( figure 3 ).
Trends in incidence by year of first primary lung cancer diagnosis
Patients with more recent first primary lung cancers had higher rates of second primary lung cancers. The incidence rate among patients first diagnosed with lung cancer in 2010-2014 was 715 per 100 000 patient-years (95% CI 660 to 775, table 2), higher than among those first diagnosed in 2000-2004 (633, 589 to 680). Given differences in elapsed follow-up, we would have anticipated higher incidence rates among those diagnosed in earlier periods. A more detailed examination, limiting to data between 6 months and 5 years from diagnosis, showed that patients with first primary lung cancer diagnosed in 2010-2014 had double the rate of second primary lung cancers compared with those with first primary diagnosis in 2000-2004 ( figure 4A ) even though most patients diagnosed in 2010-2014 had not 
dIsCussIon
There is strong evidence that elevated incidence of second and higher order primary cancers prevails for at least 10 years from first lung cancer diagnosis for patients aged 50-59, 60-69 and 70-79 at first cancer diagnosis. Oesophageal squamous and laryngeal cancers are associated with the greatest excess incidence in lung cancer survivors, although the most frequent type of subsequent malignancy is another lung cancer. We have also identified that the incidence of second primary lung cancer has doubled between 2000-2004 and 2010-2014. Some recent studies have reported an increased risk of SPC after lung cancer compared with the general population. 3-6 15-18 One large cohort study in the USA found the incidence of second primary lung cancer was 1% per patient-year, 18 with higher SIRs for women and for younger patients, but did not explore changes in incidence over follow-up from the first primary cancer diagnosis. The majority of other studies had relatively small samples of patients with lung cancer, 4 5 15 16 preventing detailed analysis of incidence by patient characteristics or site of SPC. Other work focuses on describing factors associated with higher risk or incidence of SPC among patients with lung cancer. [19] [20] [21] These show that risk varies by patient demographics and behaviour and are similar, if not more important, than tumour factors. These studies are broadly in agreement with our results that incidence is highest in patients aged between 50 and 79 at first lung cancer diagnosis with relatively small differences between the main histological subtypes of lung cancer. 19 They confirm that continued smoking is associated with higher risk of SPC and adverse outcomes, 22 with smoking cessation reducing the incidence of SPC among lung cancer survivors. 20 Our observation that the incidence rate of SPC is lower in the first 2 years of follow-up may be explained by the fact that many tumours, which would have been diagnosed during this period, were diagnosed during initial investigation for lung cancer and were excluded from analysis because we a priori excluded subsequent registrations within the first 6 months from diagnosis of an index smoking-related cancer. The second possibility is that patients with an SPC diagnosed early in follow-up may have been mislabelled as a recurrence of the first primary cancer by their treating clinicians rather than as a true SPC. This is a particularly plausible explanation given that the risk of non-lung SPCs was not reduced at the beginning of follow-up.
Major strengths of our study are its large sample size and population-based nature including all English residents diagnosed with first primary lung cancer between 2000 and 2014. This has allowed us to estimate age-specific and sex-specific incidence for several strata and given sufficient numbers of cancer survivors for meaningful estimation of incidence rates even 10 years after the first lung cancer diagnosis. The flexible parameterisation of follow-up time avoids arbitrary categorisation (and associated loss of statistical power) and enables the assessment of variation in incidence during the time from diagnosis.
The main study limitation is the lack of information on smoking status before and after diagnosis, both of which are moderators of SPC risk. 20 Additionally, we have not been able to investigate the impact of tumour factors, such as stage at diagnosis, because this information is incomplete for most study years. Staging information is much more complete for patients diagnosed from 2013 onwards, but these patients do not yet have any meaningful length of follow-up for analysis.
The key implication of this work is that incidence rates for second and higher order primary cancers continue to rise beyond the end of routine specialist 5-year follow-up after an initial lung cancer diagnosis. Given the incidence of SPC varies substantially by age at first diagnosis, consideration should be given to extending routine follow-up from 5 to 10 years, particularly for patients aged 50-79 at first diagnosis. In addition, this evidence can be used to inform lung cancer survivors and their families about the level and nature of risk of other organ cancers; this prognostic information is important for patients and clinicians and may facilitate patient education about possible symptoms of subsequent cancers and, given previous evidence of associations between continued smoking and incidence of further primary cancers, enhance smoking cessation among lung cancer survivors.
Surveillance efforts to promote early detection of subsequent smoking-related primary cancers should focus equally on both men and women. SIRs for second and higher order primary cancers are much higher in female survivors than male survivors. This is due to absolute incidence rates of subsequent primary cancers being similar for both men and women, despite incidence of first primary cancers being higher among men.
Survival rates, particularly for early-stage disease, are expected to improve further which will lead to an increasing population of patients alive 5, 10 or more years from their diagnosis. Our findings suggest a stable increase in the incidence of smoking-related cancers among lung cancer survivors, which will lead to an increasing number of diagnoses of SPC. The observation that the incidence of second primary lung cancer has doubled between 2000-2004 and 2010-2014 indicates that this issue is becoming increasingly important. The reasons behind this rapid change require further investigation but may be related to the changes in incidence of multifocal adenocarcinoma, particularly in women and to an increasing recognition of the issue of SPCs.
The optimal follow-up schedules and investigations to manage this expanding pool of cancer survivors will need to be determined by guideline development groups and policy-makers. Patient and clinician education about risks of SPC will be required to promote prompt diagnosis thereby achieving the best possible longer term outcomes.
